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The study of operation with raised strike-points on the first ITER divertor target plates is mo-
tivated by the need to gain experience with operation with strike-points on tungsten (W) surfaces
during the non-active phases (in the case of an initial CFC/W divertor); or (if ITER begins with a
full-W divertor), to gain experience with plasma control and transients while operating with raised
strike-points to avoid damaging the baseline strike regions in preparation for the nuclear phase,
and to provide a means for operation should damage occur in the baseline strike zone. For opera-
tion with raised strike-points, we use the Corsica code to investigate the range of possible H- and
L-mode equilibria, with emphasis on the maximum plasma current, achievable shapes, etc. With
raised strike-points the maximum achievable plasma current is close to 14 MA. The operating space
(Bp—1;) for raised strike point has been studied. The size of the 8, —I; operating space shrinks (com-
pared to using standard strike point positions) at 14 MA. For 12 MA however, the operation space
is not affected when using raised strike points. For equilibria with elevated strike-points (at roughly
the CFC/W transitions, following the 2007 ITER Design Review) the vertical-instability growth-
rates at high plasma current (14 MA) are somewhat high but are within the 20 s~ which studies
indicate are controllable in ITER. At lower currents (12 MA) in H-mode, the vertical-instability
growth-rates stay below 10.0 s~* for most of 8, —I; space. At 12 MA in H-mode, multiple equilibria
which meet our constraints have been found in overlapping regions of the 3, — l; operating space.

PACS numbers: 52.25.Xz,52.55.Fa,52.55.Rk

I. INTRODUCTION

In the reference ITER divertor strategy, carbon fibre
composite (CFC) is planned for the plasma-facing ma-
terial in the high-heat-flux regions throughout the non-
active (hydrogen-helium) campaigns [1]. This baseline
‘first’ divertor, shown in Fig. 1, comprises inner and outer
targets with CFC monoblocks in the ‘straight’, mostly
vertical parts of each plate, and a transition to tungsten
(W) monoblocks for the curved, or ‘baffle’ zones. This
divertor is to be replaced by a full-W variant before nu-
clear operations begin [1]. The key drivers of this strat-
egy are avoidance in the nuclear phase of the expected
high levels of fuel retention by co-deposition associated
with carbon and the provision of a more forgiving mate-
rial in the initial phases of operation, when scenarios will
require development, including plasma control and tech-
niques for disruption and ELM avoidance and mitigation
[1].

Even at relatively low plasma current I, and input
power, ITER plasmas will have significantly higher stored
energy than the largest of today’s tokamaks. Tungsten
melts, unlike carbon, and melting is expected to be pos-
sible during non-active operations [2]. A number of re-
cent studies have demonstrated that divertor operation
on topologically-damaged W surfaces can be difficult, if
not impossible (see, e.g., [3]), due essentially to the fact
that once surface damage begins, subsequent operation
simply amplifies the problem [4]. Beginning operations
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FIG. 1: First ITER divertor (according to the 2007 ITER
design review). Components of the divertor are illustrated
including inner and outer vertical targets (with CFC/W tran-
sitions) as well as reflector plates and the dome.

with CFC at the strike zones (around the strike points,
i.e., where the ‘legs’ of the plasma’s equilibrium separa-
trix strike the divertor) is thus a low-risk strategy, bene-
fitting in addition from the very substantial experience of
operation with carbon plasma-facing components which
has been accumulated in the tokamak community. Rais-
ing the strike points to allow operation at some maximum
value of I, fully on W surfaces was the motivation, dur-



ing the 2007 ITER Design Review, for a lowering (by
10 cm) of the CFC/W transition on the vertical targets.
This would allow some experience to be gained before the
switch to full W prior to the first nuclear campaigns [1].
At the time, only very approximate studies of the highest
possible I, with raised strike-points had been made. This
paper reports on the results of a more complete study of
the operational space allowed by the ITER coil set in this
case.

A further important motivation for this raised strike-
point study is the proposal in late 2011 by the ITER
Organization to abandon the first CFC/W divertor
and begin operations with a full-'W variant [2]. This
new strategy, the result of cost-containment measures,
was supported by the ITER Council, subject to a pe-
riod of R&D aiming to quantify as far as possible the
physics/operational risks and to demonstrate the avail-
ability of the required W monoblock technology. A deci-
sion on the proposal is expected around the end of 2013.

If ITER does begin operations with a full-W divertor,
this divertor must by definition survive until well into the
nuclear phase. Operation with raised strike-points is then
one approach with which areas which have been dam-
aged can be avoided. Depending on the levels of damage,
this may well be mandatory for operations to continue,
even in non-active phases. Alternatively, future opera-
tors may decide to test scenarios, and gain experience
with mitigation techniques, using raised strike-points to
avoid damaging the strike regions that are required for
planned baseline 15 MA operations.

Finally, a degree of strike-point sweeping may be re-
quired for diagnostic purposes (for example mapping
of target profiles using embedded Langmuir probes or
studying the 2D structure of the divertor plasma with
divertor Thomson Scattering). This option is of course
independent of which divertor material combination is in
place.

In this paper we explore the domains of operation pos-
sible with raised strike-points for equilibria at the Start-
of-Burn (SOB). We use the Corsica free-boundary code
[5, 6] to investigate the (3, — I; operating space accessi-
ble for the present divertor design with elevated strike-
points. We begin with elevated positions roughly equiv-
alent to the CFC/W transition points following the 2007
ITER Design Review (vertical positions Z) = —3.35 m
and Z%%" = —3.90 m on the inner and outer diver-
tor targets, respectively). For comparison, the base-
line vertical positions are Z® = = -3.79 m and Z2¥ =
-4.406 m on the inner and outer divertor targets, respec-
tively. We consider configurations close to the maximum
plasma current consistent with coil and other constraints
(Sec. TITA), as well as with intermediate plasma cur-
rent (Sec. IIIB). As the strike-point locations are varied

in,out

(lowered from Z;*"" and raised to a maximum roughly

equivalent to where it would have been above Z'1:*" for
the CFC/W divertor), the maximum achievable plasma
current is determined (Sec. IV). Additionally, we report
the resulting vertical-instability growth-rates, a primary

measure of the controllability of the plasmas by the po-
sition and shape control system [7, 8].

In the course of our simulations, we require certain
physics and engineering constraints to be met by our so-
lutions to the Grad-Shafranov equation. For all equilib-
ria reported here, the following constraints are satisfied:
go > 0.95. Although operation at gg5 < 3 is possi-
ble, in this work we constrain gg5 > 3. The vacuum
toroidal field is 5.3 T at major radius R = 6.2 m. Su-
perconducting poloidal field (PF) and central solenoid
(CS) coil limits (I — B limit-line and limits on the net
and repulsive CS coil forces) are met; and minimum SOL-
wall distances in the outboard and inboard half-planes [9]
are observed.! In our simulations we always make sure
that the upper null (non-active X-point) is located out-
side the first-wall plasma-facing surface (see Figs. 2-3).
(Additional physics/engineering constraints are imposed
during various scans and will be described as they arise.)

In order to implement a given set of
physics/engineering  constraints, various specifica-
tions of numerical constraints are possible. For instance,
the steepness of the radial current profile (a variable in
the numerical constraint set) can be varied to enforce
either max(U) or qos [see Eq. (3) and the definitions
in Sec. II]. We find that in the lower-current regime,
different regions of (3, — l; operating space are better
surveyed (i.e., the extent of 8, — I; in which solutions
exist will be larger) using different sets of constraints,
with these regions partially overlapping. In these
overlapping regions different equilibria are found at the
same (3, and l;. We consider the existence of multiple
equilibria satisfying our physics/engineering constraint
set a favorable result (see discussion in Secs. IIIB and

V).

II. DEFINITION OF VARIABLES AND
CONSTRAINTS

In this section we introduce the variables and profile
shapes used in the simulations, as well as a few con-
straints beyond those just mentioned above. In addition,
we describe our techniques for controlling the separatrix
in our free-boundary Grad-Shafranov solver, which are
needed to satisfy the particular sets of constraints on
SOL-wall distance, plasma shape, strike-point locations,
etc.

1 The last constraint states that the minimum distance between
the SOL outer surface and the first wall must be at least 8 cm in
both the inboard and outboard half-planes. The SOL is defined
here to be the volume between the active separatrix and the flux
surface which is located 4 cm away from it at the outer mid-
plane. Also, the SOL must lie within the inactive separatrix.
This leads to the constraint dRsep > 4 cm, where dRsep is the
distance between the active and inactive separatrixes at the outer
mid-plane.



The ITER definitions of poloidal beta 3, and normal-
ized internal inductance [; (in ST units) are used in this

paper:
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Here V' is plasma volume, I, is the plasma current, Ry is
the major radius and B, is the poloidal magnetic field;
(()) indicates a volume average, while ()|>°""d indicates
the flux-surface average at the plasma boundary.?

The plasma current and pressure radial profiles for all
equilibria in this paper are given by:

1, 0<x§%;3
0 (17113'8J)J+AJ, xs<x§1.()

Jo(x)

1, 0<x§%;4
= ap
p(x) cofy (1 _xgp) A, ai<a<l. (4)

The current profile Jo is used together with p’ to calcu-
late FF' for the Grad-Shafranov equation [5] and the
normalization constant co is determined by I,. Here
To = (x_l‘s)/(l_xs) and x = (¢_waxis)/(wbound_waxis)
with ¥ being poloidal flux; ©axis and Ypounq are fluxes
on the magnetic axis and plasma boundary, respectively;
and x, defines a sawtooth region. In L-mode, A; = 0
and A, = 0, while in H-mode

Ai = 6Ci(1 —wo)™ag’,  Ci=(L4+n0,)""" /ol (5)

Here i = J, p with the parameters listed in the follow-
ing table:

TABLE I: List of Parameters

i=J i=7p
€ 0.25 0.07
a varied 2
b 2 1
n -20 -10
k 1 2

In our survey we used a;, 85 and zs as adjustable pa-
rameters to meet constraints. For the higher-l; equilibria,
go on the axis is enforced to be equal to 0.95 by varying
the sawtooth region x,. At lower [;, xs = 0 and g is
allowed to float above 0.95.

In representing the fiducial states of a scenario, the
required flux-linkage (Poxt) (plasma-current-weighted

2 These definitions for 8, and l; have appeared elsewhere in the
literature as G, (1) and 1;(3).

poloidal flux from the PF and CS coils linking the
plasma) as well as the inductive flux consumption are
found as a result of constraining the free-boundary Grad-
Shafranov solution, while varying the CS and PF coil
currents, to obey the following equation

<\Ijext> = Winip — LpIp - MOOEIPR(). (6)

Here L, is the (calculated) plasma self-inductance and
Cg is the Ejima coefficient modeling the resistive flux
consumption (see, e.g., Refs. 10-12). Throughout this
paper (as in Ref. 12) Cg is taken to be 0.3. The last two
terms on the right-hand side of Eq. (6) are computed
relative to an initiation point Wiz for a given phase of
the scenario. For the baseline I;;ase:15 MA SOB state,
Uinit (input parameter) is estimated to be 106.6 Wb,
which is equal to the initial magnetization flux (maxi-
mum poloidal flux capability of the system) minus the
8 Wb flux consumed during the plasma formation phase
as well as the 3 Wb resistive flux consumed in the heating
phase, i.e., between the Start-of-Flattop (SOF) and SOB.
The resistive flux consumed during the current ramp-up
is accounted for with the Cg term in Eq. (6). The in-
put values for Cg and Vj,;; given above are estimates
obtained from scenario simulations [13]. In particular,
Cg of about 0.3 was obtained assuming a fast plasma-
current ramp-up (during about 50 s) with low impurity
content and auxiliary heating after early formation of the
diverted configuration. Cg = 0.3 is the expected lower
level of resistive losses of the magnetic flux. Increasing,
for example, the plasma-current ramp-up time or reduc-
ing the auxiliary heating will increase Cg.

When operating at different plasma currents, in taking
into account the CS coil system’s contribution to plasma
shaping, we reduce ¥i,;; by 14([;3ase —I,,) for optimal use
of PF coil resources (the coefficient is L, +1CgRo, where
L, is calculated using the baseline SOB equilibrium [12]).

The critical states in ITER scenarios with respect to
the plasma-shaping capability of the coil set are SOF and
SOB. We survey here only SOB equilibria, but by consid-
ering a wide range of 3, at SOB we essentially cover the
SOF state as well. There will be some additional effects
at the End-of-Burn (EOB), but with the plasma current
reduced from its 15 MA baseline value, the flattop capa-
bility is expected to be naturally extended. The flattop
period itself is not a critical issue.

In the simulations, in addition to I, and the pro-
file parameters mentioned above, we vary PF and CS
coil currents (Fig. 2) in order to satisfy Eq. (6) and to
control the separatrix shape in the free-boundary Grad-
Shafranov solution. In the figure, coils 13 and 14 are
the in-vessel copper coil pair (VS3) added following the
2007 Design Review for improved vertical stability con-
trol. The remaining in-vessel coils constitute an axisym-
metrized model of the ELM control system [14]. In Cor-
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FIG. 2: Output from the Corsica code for an ITER equilib-
rium. Red lines represent the containment vessel and plates.
Green lines represent the divertor and first-wall plasma-facing
surface. Dark-blue double lines show toroidal magnetic-field
coils. Light-blue rectangles show coils numerated clockwise
(1 through 6 are PF coils, while 7 through 12 are CS coils).
In this paper, only coils 1 through 12 carry current.

sica, the PF and CS coil currents® are varied in order to
force the plasma boundary to go through a finite number
of ‘fixed’ points (e.g., points 1-4 shown in Fig. 3 with
black circles). The coil currents are also used to match
the active ‘fuzzy’ boundary points in the least-squares
sense (only the pink plus-signs in the figure are active,
i.e., have a non-zero weight attached to them. The fuzzy
points with bigger weights are given higher priority in
the least-squares matching procedure). The optimiza-
tion can be done with different objective functions, such
as including the sum of the squared coil currents or the
sum of the magnetic field at the coils (although we find
that equilibria tend to be near the high-B side of the
superconducting limit-line). In all equilibria reported in
this paper, we have adjusted the two lower fixed points
to enforce the vertical positions of the strike-points on
the divertor plates (points 3 and 4 in Fig. 3).

3 Neither VS3 nor the ELM control coils carry any current in this
paper. The vacuum vessel and plates (shown in red in Fig. 2) are
assumed to carry zero current in the equilibria, but they enter
in the linear vertical-stability calculation.

The utilization factor U for a superconducting coil is
a measure of its operating-point (in the I — B plane) dis-
tance from the origin normalized to the limit-line distance
from the origin. Thus, U < 1 indicates a coil is within
its allowed operating space; U = 1 indicates a coil is at
its operational limit; and U > 1 means a coil is above
its allowed range. Constraining max(U) = 1 makes sure
that at least one of the coils is at its operational limit,
with the rest of the coils being within the allowed space.

We define f to be the ratio of the U of the PF6 coil over
the maximum of the net and repulsive CS coil forces (nor-
malized to their maximum allowed values). Constraint
f =1 aims to maximize both U and one of the coil forces
to effectively use coil resources.

III. OPERATING SPACE WITH ELEVATED
STRIKE-POINTS

In this section we explore the domains of operation
possible with strike-points raised on the divertor plates
from their baseline positions. In Fig. 3, we show a typical
example of a converged equilibrium with elevated strike-
points in the 15 MA ITER baseline-scenario boundary.
The magenta separatrix, found from the simulation, has
been constrained to go through the elevated strike-points
located vertically at Z!3;*"" as well as through points 1
and 2. The gray curve shows the inactive separatrix with
the upper X-point.

In the following subsections, Secs. III A-III C, we study
four configurations: baseline strike-points in L- and H-
mode as well as raised strike-points in L- and H-mode.
The complete sets of constraints for the various scans
that follow are described in the Appendix. Note that
we have looked at the operating space from the static-
equilibrium point of view; therefore very large 3, (up to
0.8 and 0.9 for our L- and H-mode profiles, respectively)
are seen in the figures; of course, time-dependent heating
and current drive, transport, and stability considerations
will significantly limit the range of possible 3,.

A. 14 MA operating space

With our equilibrium code we have found that I,
slightly above 14 MA is achievable in H-mode for the
elevated-strike-points design (strike-points at Z.;*"").
To explore high-current operating space, we fix the
plasma current to be equal to 14 MA. In Fig. 4, with L-
mode regions located between the blue lines and H-mode
regions located between the red lines, we show the extent
of possible operating I; space when (3, is varied from 0.1
to 0.9. The baseline strike-points configuration (given
by the dashed lines) is compared to the elevated-strike-
points configuration (given by the solid lines). When the
strike-points are raised, the operating space shrinks (the
apparent exception in L-mode at low [; will be discussed
shortly).
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FIG. 3: Output from Corsica for an ITER equilibrium. Ac-
tive (magenta) and non-active (gray) separatrixes are deter-
mined as part of the free-boundary solution. Locations of
the active and inactive X-points are also shown by X signs
in Fig. 2. Plus-signs indicate the 15 MA baseline-scenario
boundary. See text for further explanation.

To produce Fig. 4, we started with the baseline 15 MA
SOB ITER equilibrium [12] with baseline £, (0.7) and

I; (0.85) and originally located strike-points (at Z;™o").
Then we changed the current to 14 MA as well as ad-
justed the (average over plasma) initial flux Wi from
106.6 to 92 Wb [see Eq. (6)]. Finally we generated 100
equilibria (10 in both the §, and [; directions) for each of
the four cases (elevated and baseline strike-point configu-
rations in both H- and L-modes). We next discuss some
key features of the limits for each of the cases (again,
the full set of constraints for each of the four cases is

described in the Appendix).

For the baseline strike-point configuration (for both L-
and H-modes; dashed lines in Fig. 4), the left limits are
found when the max(U) reaches unity. The right limits
are found when a balance occurs between the flattening
(increasing x4, which broadens the current profile and
lowers ¢p and [;) and peaking (increasing a, which nar-
rows the current profile outside x = x4 and raises [;) of
the current in the vicinity of the magnetic axis; we define
a right limit when a; reaches 10 since there is no noti-
cible change in the profile with further increase of a ;.
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FIG. 4: The extent of achievable L-(blue) and H-mode (red)
operating space (14 MA) in 3, and I; (shown between pairs of
lines) for both baseline (vertical positions are Zi%_, and Zgu,
dashed) and elevated-strike-point (vertical positions are zZin

and Z3%"; solid) configurations.

In L-mode when increasing [;, the code stops converging
before a; = 10 is reached near [; = 1; therefore the right
limit (right dashed blue line) is defined to be I; = 1 for
simplicity.

For the raised strike-point configuration (Fig. 4; solid
lines), the fixed points 3-4 enforce the vertical positions
of the strike-points to be Z;?O and Z33t. The fixed points
1-2 are adjusted to enforce the minimum distances be-
tween the SOL and the first wall in the outboard and
inboard half-planes to be equal to 8 cm.

In L-mode, the left limit of the raised strike-point op-
erating space is found when g¢g5 reaches its minimum
(gos = 3) for B, < 0.3 and when the net CS coil force
reaches its maximum (60.0 MN) for 5, > 0.4. The switch
from gqg5 to a coil force limitation as [3, is increased ex-
plains the shape of the solid blue curve near 3, = 0.4.

For the raised strike-point configuration, the left limit
of the H-mode operating space is found when gg5 = 3,
while the right limit is again found when the balance
occurs between the flattening and peaking of the current
on the axis.

Note that for 8, > 0.3, the low-l; L-mode operating
space with baseline strike-points is smaller than that with
elevated strike-points. This is due to the fact that while
f =1 is enforced in our scan, this constraint is omitted
with baseline strike-points. (Note that various specifica-
tions of the numerical constraints are possible—e.g., dif-
ferent parameters can be varied—to acheive the same set
of physics constraints, as will be seen in Sec. III B below.



The most useful choice depends on the equilibrium—
Zstrike, li, €tc. The baseline curves in Fig. 4 were gen-
erated using the same numerical constraints as for the
elevated-strike-point equilibria, and fail to converge when
f = 1isincluded. However, we expect that with another
choice, e.g., the constraint-set used in Ref. 12, the f =1
constraint could be included and the baseline operating
space would then exceed that of the elevated-strike-point
space.) Since the left L-mode elevated-strike-point limit
for 8, > 0.3 is met when one of the coil forces is max-
imized, the f = 1 constraint ensures that the U of the
PF6 coil is maximized as well; this helps effectively use
coil resources and therefore increases the size of the op-
erating space.

Fig. 5 shows the contours of the vertical-instability lin-
ear growth-rate v (calculated using the linear vertical
stability package [8] in Corsica) for 14 MA H-mode equi-
libria, for both baseline and elevated-strike-point con-
figurations. With raising the strike-points (as well as
with decreasing the initial flux Wj,;;), the growth rate
increases; for typical [; = 0.85 and 3, = 0.7, v increases
from 5.0 s7! to 14.0 s~!. If we look at corresponding
equilibria (Fig. 3), when we start from a baseline bound-
ary shown by the plus signs, as we raise the strike-points,
the boundary (magenta curve) has a tendency to move
away from the inboard wall. Note that for the raised-
strike-point configuration the 8 cm distance between the
SOL and the first wall is satisfied near the upper X-point
throughout 3, — l; space. The resulting equilibria have
higher elongation and consequently are more vertically
unstable. For the rasied strike-point configurations, -y
varies between 12.5 s and 18.0 s™! at high and low 3,
respectively (over the entire I; operating space). These
numbers are somewhat high but are within the 20 s™!
which studies indicate are controllable in ITER.* Note
that for 14 MA L-mode (not shown here), the growth rate
again increases with elevating the strike-points, varying
between 7.5 s7! and 12.0 s~! at high and low Bp, respec-
tively.

B. 12 MA operating space

In Figs. 6-11, we investigate lower-plasma-current op-
eration using the same profile shapes as described above.
We select 12 MA for the study — a typical current for
hybrid-mode scenarios being developed for ITER. (Note,
however, that hybrid-mode profiles differ from the L- and
H-mode model profiles given in Sec. II.) For 12 MA H-
mode the size of the operating space is not affected much

as we raise the strike-points to Z'1:°"*. Operating at

4 Displacements of 4% of the minor radius are at the limit of con-
trollability in ITER using the VS3 system. Using typical noise
levels, for which the probability is very high at or below this dis-
placement, this corresponds to a growth rate of about 20 rad/sec
[15].

FIG. 5: Contours (in the achievable operating space illus-
trated in Fig. 4) of the vertical-instability growth-rate ~ for
both baseline (dashed) and elevated (solid) strike-point con-
figurations (14 MA H-mode).

lower current is easier since coil resources do not need
to be utilized at full. Also, adjusting the required flux-
linkage has a significant effect on the extent of the [;
range.

For 12 MA H-mode, the possible formulations of the
constraint sets imposed on the Grad-Shafranov equation
to meet our physical constraints become diverse; we iden-
tified at least three different specifications which taken
together almost cover the entire H-mode operating space.
While we investigated only three sets of constraints, there
exist many more formulations which overlap with each
other (and, we expect, will cover the gaps between the
three solutions in Fig. 6). Fig. 7 shows equilibrim shapes
(for B, = 0.8) in the two regions where the solutions
overlap. Fig. 8 and Fig. 9 show corresponding pressure
and ¢ profiles (versus minor radius) in those overlapping
regions.

The resulting flexibility of solutions which can satisfy
a given set of physical constraints facilitates the devel-
opment of successful vertical control scenarios. It gives
freedom to choose additional specifications to achieve ad-
ditional physics constraints or optimization. It is also
promising for the existence of equilibria (including the
gap regions in Fig. 6 at moderate 8, and below) com-
patible with time-dependent current drive and transport,
which naturally introduces additional limitations.

In Fig. 6, the solid red line shows the left limit we
found in 8, — I; operating space achievable in 12 MA
H-mode. In this limit, equilibria are found by constrain-
ing the outboard SOL-wall distance to 8 cm and the coil



FIG. 6: The contour plot of the vertical-instability growth-
rate v for 12 MA H-mode elevated-strike-point configura-
tion (vertical positions are Z) and Z33). The first, second
and third solution-formulations are shown in blue, cyan and
green, respectively.

force (either net or repulsive) to its maximum via vary-
ing the radial positions of the first two fixed points; also,
we force max(U) = 1 by varying the steepness of the cur-
rent profile. The resulting equilibria have concave shapes
(d*Z/dR? < 0 on average) in the inboard half-plane. By
increasing the weights of the fuzzy points in the upper
parts of the equilibria, we obtain the lower limit (left
solid blue line) of the operating space with flat shapes
(d*Z/dR? = 0 on average) in the inboard half-plane. As
l; is increased from the lower limit of this first (left blue
line) solution, max(U) drops below unity and then again
reaches unity, which defines the upper limit (right blue
line).

For the second solution (cyan lines), similarly to the
first (but with different constraints; see the Appendix for
the details), we force max(U) = 1 (at both lower and up-
per limits) by varying the steepness of the current profile.
For the third solution (green lines), the lower limit of the
operating space is found when max(U) reaches unity; the
upper limit is found when the balance discussed above for
14 MA occurs between the flattening and peaking of the
current on the axis.

For 12 MA H-mode, Fig. 6 also shows the contours
of the vertical-instability growth-rate ~ for the three
solution-sets. The third solution (green, found at larger
l;) is more vertically stable than the second one (cyan),
while the second solution is more stable than the first
(blue). Within any given solution, however, 7 increases
with {; and decreases with (,, as expected (see below)
and as in Fig. 5. Growth rates can vary significantly be-
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FIG. 7: Equilibrium plasma shapes in the overlapping regions
shown in Fig. 6 for 8, = 0.8. The blue and cyan separatrixes
in (a) are the first and second solutions at I; = 0.65, while the
cyan and green separatrixes in (b) are the second and third
solutions at [; = 0.85.
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FIG. 8: Pressure profiles vs. minor radius in the overlapping
regions shown in Fig. 6 for 8, = 0.8; I; is 0.65 and 0.85 in (a)
and (b) respectively.

tween different constraint sets. For typical [; = 0.85 and
By = 0.7, for the green and cyan solutions, we found
~v=3.5 57! and 9.0 s~', respectively. For the first solu-
tion (blue) at fixed (3, v does not vary monotonically.
This is discussed below.

Fig. 10 shows the contours of the elongation (elon-



FIG. 9: ¢ profiles vs. minor radius in the overlapping regions
shown in Fig. 6 for 8, = 0.8; l; is 0.65 and 0.85 in (a) and (b)
respectively.
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FIG. 10: The contour plot of the elongation for 12 MA H-
mode elevated-strike-point configuration.

gation greater than unity drives the instability) for the
three solutions. The elongation, from region to region,
decreases with [;, explaining the trend in v between re-
gions seen in Fig. 6. In the regions of operating space
where different solutions overlap, the solution which is
more vertically unstable has the more elongated separa-
trix (see Fig. 7). However it is clear that elongation is not
the only factor contributing to the growth rate at a given
l;. For example, by comparing Figs. 6 and 10, for the first

FIG. 11: Schematic figure to illustrate which coil has the
maximum utilization factor (12 MA H-mode). Coils PF5 and
PF6 are denoted by numbers 5 and 6, while CS1L is denoted
by number 9 (see Fig. 2).

solution near [; = 0.53 the elongation is almost constant
when varying 3, from 0.1 to 0.9, while the growth rate
changes substantially from 17 s~ to 9 s~!. Also, for the
first two solutions at (I;,3,) = (0.8,0.65), v is 10.0 s7*
and 6.5 s~!, respectively, while the difference in elonga-
tions is only slight (1.89 and 1.82, respectively). Simi-
larly, for the last two solutions at (;, 5,) = (0.8,0.85),
v is 9.0 s71 and 3.5 s7!, respectively, while the elonga-
tion is 1.77 and 1.62, respectively. Also, for the three
solutions (at 3, = 0.5 near the right limits), v is 12 s71,
10 s7! and 4.4 s~!, respectively, while the difference in
elongations is only slight (1.88, 1.8 and 1.6, respectively).

For fixed plasma shape, in general, the dependence of
~ on [l; is due to the effect of changes in the current dis-
tribution relative to the passive structure: at higher /;,
the peaking of the current profile moves plasma current
further away from the stabilizing vacuum vessel and -y in-
creases. At fixed [;, v decreases as 3, is increased; while
this needs further investigation, one of the contributing
factors might be the Shafranov shift of the equilibrium
flux surfaces: the shift increases with (3, and the current
moves closer to the vacuum vessel-wall. These and other
effects are discussed in [8, 16]. In Ref. 8, an initial drop
in 7y vs. ; at low [; with 3, and elongation fixed was ob-
served. The broader current-profiles at low [; not only
induce increased wall-stabilization; in placing more cur-
rent at higher elongation, they promote the drive. The
latter effect is dominant at low /; in some configurations.
At low [;, our results in Fig. 6 exhibit yet more compli-
cated variation, with the growth-rate rising, then falling
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FIG. 12: Maximum achievable H-mode plasma current ver-
sus strike-point positions on the divertor plates. The black
and red solutions are based on the formulations described in
Sec. IITA (for elevated and baseline strike-point configura-
tions, respectively). The solid curves are the solutions with a
single valid [;, while the dashed curves are the solutions with
a finite range of [;.

and rising again at fixed 3, as I; increases. This appears
to be correlated with the elongation (Fig. 10); but the
elongation varies only slightly over this range of [;. The
competing [; effects may be playing some role; but we
note the non-monotonic behavior of the net CS coil force
(see App. A) in this portion of operating space and spec-
ulate the low-I; structure of the growth-rate primarily
due to equilibrium geometric adjustments in response to
the associated changes in the PF and CS coil currents as
[; is raised.

In these references a drop in v vs. {; at low I; with 3,
fixed was observed, as we find at [; ~ 0.53 in Fig. 6. Here,
however, the plasma shape is allowed to vary somethat
in the course of satisfying our constraints, and the low-
l; structure is more complicated. The growth-rate first
rises and then drops with increasing [; at fixed 3,. This
is correlated with the elongation (Fig. 10), but since
the elongation varies only slightly we speculate that the
lower-l; structure of the growth rate is primarily due to
plasma-current profile adjustments in response to the
non-monotonic behavior of the net CS coil force (see
App. A).

Superconducting coil constraints: The coil which most
constrains the equilibrium (has the largest U; i.e., is clos-
est to its superconducting operation limit) depends on
where in operating space we are and which solution we
are looking at. In Fig. 11, we use coil numbers (see
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FIG. 13: (Data from the same equilibria as in Fig. 12.) Ac-
cessible [; operating space, with a fixed width of 0.2 (dashed
lines), versus strike-point positions on the divertor plates D.
The solid line plots I; at the maximum achievable I, versus
D.

Fig. 2) to show which coil has the maximum U. For
the 12 MA H-mode case of Fig. 6, the most constraining
coil varies between the PF5, PF6 (shown by 5 and 6) and
CS1L (shown by 9) coils. For comparison, for the higher-
current (14 MA H-mode) case reviewed above, the most
contributing coil is always PF6.

C. Maximum achievable H-mode plasma current as
a function of vertical strike-point position

In Fig. 12 we investigate the maximum achievable
plasma current [;7** as the strike-point locations are var-
ied along the divertor plates (for fixed 8, = 0.7). On
the horizontal axis, D is the distance along the diver-
tor plates away from the elevated strike-point positions;
both strike-points are shifted by the same distance along
the plates. The maximum raised position we consider is
25 cm above the 2007 transition point.

For each D, we follow the two solutions (shown in black
and red for the elevated and baseline strike-point 14 MA
H-mode constraint-sets, respectively) obtained based on
the formulations described in Sec. IIT A and detailed in
the Appendix; I, was raised until the code failed to find
a solution. The two solutions overlap in some interval of
D on the divertor plates. This is a result, once again,
of there being freedom left in the equilibria after all the
physics constraints have been met, so that I,"** depends
on the formulation of the constraints. For an all-W di-



vertor, for operation with given strike-point locations,
this merely indicates that there is room for further op-
timization of I'** (i.e., that the [}*** obtained here is
achievable by plasmas of various shapes and profiles).
The CFC/W divertor is discussed below.

In Fig. 12 the solid lines show [*** when all the con-
straints can be satisfied only at a single 3, —{; point in op-
erating space (for a given strike-point position). The cor-
responding [; are shown by the solid lines in Fig. 13. Note
that the baseline case allows for up to 15.7 MA operation,
while operation with elevated strike-points at Z.;°"" al-
lows up to 14.1 MA. The dependence of I;)** versus D
can be approximated by [***(MA) = 14.0 — 3.5D(m)
(dotted line in Fig. 12).

The dashed curves in Fig. 12 show I;*** for the two
solutions when all the constraints are satisfied in a finite
interval of [;. The width of this interval is chosen to be
equal to 0.2 (as illustrated by the dashed lines in Fig. 13).
This more relaxed approach to determine [;*** provides
contingency in the event of a wider range of experimental
plasma self-inductance than originally anticipated [17].
Also, [; will differ from the values found for the equilibria
here, given profiles consistent with transport evolution;
and [; will have a range due to variations in profiles for
different operating scenarios.

The divertor strike-line excursion requirement de-
mands that the CFC/W transitions as well as reflector
parts (Fig. 1) of the divertor not be in the area within
15 cm and 5 c¢m in the upward and downward directions
(vertically) respectively from the baseline strike-point po-
sitions (on carbon in the CFC/W divertor) [9, 12]. In
Fig. 12 we show these upward limits of the allowed strike-
zones on the inner and outer divertor targets: the transi-
tion points must lie to the right of the blue arrows. On W,
when there are overlapping solutions for [;***, the black
solutions require smaller shifts than the red at a given
Iy, and thus will be the last to violate the strike-line
excursion criterion.

According to the result in Fig. 12, then, to allow op-
eration on W in a CFC/W divertor at 15 MA with a
single valid [; or at 14.5 MA with a finite valid range of
l;, the transition points must be shifted downward an-
other 23 cm along each plate from the present design
(as demonstrated by the solid and dashed black curves
respectively). Note that a such a downshift of the transi-
tion points violates the divertor strike-line excursion cri-
terion on the outer divertor target.

Finally we remark on ITER’s 17 MA scenario, which
might appear from Fig. 12 to be impossible. We note,
however, that ggs is roughly proportional to 1/I,, and
we find that simply relaxing the constraint on gg5 per-
mits higher I;**. The low-l; operating-space limit for
the configurations and plasma currents studied in Sec. ITI
was determined by various constraints; in Fig. 4, for ex-
ample, superconducting and force limits on the coils as
well as the gg5 constraint were each the operative con-
straint for some low-I; curve, as detailed in the Appendix.
The most constricted space (14 MA H-mode with el-
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evated strike-points) was limited by ¢g¢5. Upon relax-
ing the gg5 constraint but otherwise maintaining the full
set of physics/engineering constraints, we find that with
gos = 2.75, B, = 0.7, [; = 0.84 and the baseline strike-
point positions Z;»°"*, 17 MA H-mode equilibria are pos-
sible (using the baseline-strike-point constraint formula-
tion). This is consistent with ITER’s 17 MA H-mode
scenario [13].

Further explorations, e.g., varying the constraint for-
mulations and applying different shifts on the inner and
outer targets, could be undertaken to increase I,** for
a given D. The strategy for specifying the plasma shape
could be changed; e.g., drop all reference to the 15 MA
baseline shape in favor of specifying elongation, triangu-
larity, lower X-point location, etc.

IV. CONCLUSIONS

We investigated the range of possible Start-of-Burn
ITER H- and L-mode equilibria with elevated strike-
points. For the present divertor design, for operation
with raised strike-points (roughly at the 2007 CFC/W
transitions), the maximum achievable plasma current is
about 14 MA. While at 14 MA these elevated strike-
points lead to significant reduction of H-mode 3, —I; op-
erating space, there is only a slight reduction of space for
12 MA operation. At the lower current, multiple equilib-
ria which meet our constraints have been found. 15 MA
(single valid I;) or 14.5 MA (finite valid range of ;) op-
eration is possible with the strike-points moved upwards
25.6 cm and 27.6 cm (for the inner and outer divertor
plates respectively) along the divertor from their present
baseline strike-point locations. For a CFC/W divertor,
such a shift would violate the divertor strike-line excur-
sion criterion on the outer divertor target (the transition
point must be at least 15 cm away in the upward direc-
tion from the baseline strike-point).

Vertical-instability growth-rates for the raised strike-
point configuration at high-current (14 MA) H-mode op-
eration were assessed and found to be within the limit
of controllability using the VS3 system (in-vessel copper
coil pair 13 and 14 in Fig. 2). For 14 MA L-mode and
12 MA operation, 7 is well within the limit. At 12 MA,
where multiple formulations of the constraints are possi-
ble at given 3, and [;, the growth rate varies significantly
(remaining within the limit) depending upon which so-
lution we look at at a given point in operating space.
We note, however, that in satisfying the wall-clearance
and dRg, constraints we have not taken into account
finite vertical excursions initiating vertical-displacement
events. Assessment of the critical disturbance size that
meets the geometric constraints or, alternatively, modi-
fying the constraints to allow for a given excursion of the
magnetic axis, remains for future studies.

The multiplicity of solutions seen in Fig. 6 for 12 MA
(and which would also occur below 12 MA, of course)
indicates there is some freedom to choose constraints



to achieve various additional goals. Also, the multiplic-
ity indicates that over much of the operating space, the
existence of equilibria satisfying our physics constraint
set does not require very tight profile control, which
should ease the development of scenarios and the ability
to achieve them experimentally at the plasma currents
we give here. Given this flexibility, it is clear that the
limits and growth rates found in this paper should not
be regarded as absolute from the equilibrium point of
view (see the discussion of 14 MA L-mode at low {; with
baseline strike-points in Fig. 4 for an example). How-
ever, we do not expect further exploration with alternate
formulations meeting our constraints on coils, gg, qos,
etc., to significantly expand the operating space we have
found for elevated strike-points, particularly at 14 MA.
On the other hand, at lower plasma currents, different
formulations could have an impact on plasma shape and
coil-currents and lead to more significant effects. Also,
relaxing the constraints on gy and gg5 (lowering the min-
imum required values) will expand [; operating space at
the high and low ends, respectively. Asymmetric shifts of
the strike-points on the inner and outer targets could also
be considered in future optimization studies. Finally, we
note that the results presented here also do not include
the effects of non-axisymmetric instabilities. These will
certainly reduce the accessible operating space. The re-
sults presented in this paper provide a first assessment of
the 3, — l; operating-space limits imposed by the ITER
coil set as a function of divertor-strike-point location.
The equilibria can serve as a starting point for the more
detailed scenario studies including time-dependent stud-
ies of position and shape control, current drive and trans-
port, stability, and edge dynamics (such as particle and
heat exhaust in the divertor area) required to investigate
the exact operating space possible for given strike-points.

APPENDIX A

The detailed information about input parameters used
in our simulations is collected in this appendix to help
reproduce the results presented in the paper as well as to
record our experience with strategy which may be of use
in future equilibrium studies.

In Fig. 4, to obtain the 14 MA H-mode elevated-strike-
point equilibria, we started with the baseline 15 MA SOB
ITER solution with baseline 3, (0.7) and I; (0.85) and
originally located strike-points. The current was changed
to 14 MA while the initial flux ¥;,;; was adjusted to
92 Wh. Also, the following conditions are satisfied:

e Two of the four fixed points (points 3-4 in Fig. 3)
are positioned on the vertical divertor plates to en-
sure elevated strike-points at (4.433 m, -3.35 m)
and (5.572 m, -3.90 m) in the (R,Z) plane. The
other two fixed points (points 1-2 in Fig. 3) are po-
sitioned axially at 0.569 m, while their radial posi-
tions are varied to constrain the minimum distances
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between the SOL and the first wall in the outboard
and inboard half-planes to be equal to 8 cm;

e To enforce the condition that the SOL lie within
the inactive separatrix, dRp is constrained to be
4.05 cm (this is done for convenience).

e With the total number of fuzzy boundary points be-
ing 61, points 23-37 (between the first fixed-point
and the upper part of the separatrix) are assigned
to have weights equal to 0.25, with the rest having
zero weights. In the simulation the fuzzy points
with bigger weights are given higher priority in the
least-squares matching procedure. If the weights
are too big, the solution might not be found since
the problem would be overconstrained (the num-
ber of parameters which can be varied is finite). If
the weights are too small, some constraints (such
as SOL-wall distance and dRgep) might be easily
violated. The sum of the squared coil currents is
minimized in the least-squares sense;

e The steepness of the current profile ay [Eq. (3)] is
varied to constrain [;. The multiplier G; on the
pressure profile [Eq. (4)] is varied to constrain 3,;

e The current in PF6 coil is varied to constrain f = 1.

The left and the right limits of the operating space
(solid red lines) for H-mode elevated-strike-point config-
uration are found when qg5 = 3 and a; = 10 are satisfied
(see Sec. IIT A for detailed discussion), respectively.

The 14 MA L-mode elevated-strike-point equilibria (be-
tween solid blue lines) are determined the same way—and
the right limit determined by the same constraint—as
described above for the H-mode. The left limit is found
when gg5 = 3 for 8, < 0.3 and the net CS coil force is
equal to its maximum (60.0 MN) for 3, > 0.4. Also dRsp
is constrained to be 4.81 cm. (For the rest of the equi-
libria described below constraining dR.ep is unnecessary
since dRsep > 4 cm is naturally satisfied.)

In Fig. 4, to obtain the 1/ MA H-mode baseline strike-
point equilibria, we started with the baseline 15 MA SOB
ITER solution with 3, (0.7) and {; (0.85) and originally
located strike-points. The current was changed to 14 MA
while the initial flux W;,;; was adjusted to 92 Wb. Also,
the following conditions are satisfied:

e Fixed points 1-2 are positioned on the vertical
divertor plates to ensure baseline strike-points at
(4.226 m, -3.79 m) and (5.565 m, -4.406 m) in the
(R,Z) plane. Fixed points 3—4 are positioned axi-
ally at 0.569 m and their radial positions are varied
to constrain the baseline size specification for the
plasma (major and minor radii are 6.2 and 2.0 m re-
spectively), while the SOL-wall distance is ensured
to be at least 8 cm;

e With the total number of fuzzy boundary points
being 61, all points are assigned to have weights



equal to 16. The sum of the squared coil currents
is minimized;

e The steepness of the current profile a; [Eq. (3)] is
varied to constrain [;. The parameter (3 is varied
to constrain 3p;

e The current in PF6 coil is varied to constrain f = 1;

e The sawtooth flattening region z is varied (z; > 0)
to constrain gg > 0.95.

The left and the right limits of the operating space
(dashed red lines) for H-mode baseline strike-point con-
figurations are found when max(U) =1 and a; = 10 are
satisfied, respectively.

The 14 MA L-mode baseline strike-point equilibria (be-
tween the dashed blue lines) are determined the same way
as described above for the H-mode, except the constraint
on f isremoved. The left limit is found when max(U) = 1
is satisfied. At high [; the right limit is defined as [; =1
for simplicity, since the conflicting needs of peaking the
current profile (increasing a ;) to increase [; while flatten-
ing in the center (increasing z) to constrain go lead to
a square-like profile that causes numerical problems and
in the end is not realistic.

In Fig. 6, to obtain the left limit (solid red line;
with concave shapes: d*>Z/dR* < 0 on average) of the
operating space for the 12 MA H-mode elevated-strike-
point configuration, we started with the above-described
elevated-strike-point 14 MA SOB ITER solution with
baseline (3, (0.7) and I; (0.85). The current was changed
to 12 MA while the initial flux ¥;,;; was adjusted to
64 Wb. Also, the following conditions are satisfied:

e Fixed points 1-2 are again positioned on the verti-
cal divertor plates to ensure elevated strike-points
at (4.433 m, -3.35 m) and (5.572 m, -3.90 m) in
the (R,Z) plane. Fixed points 3—4 are positioned
axially at 0.569 m, while their radial positions are
varied to constrain the minimum outboard SOL-
wall distance to be equal to 8 cm and either the
net or repulsive CS coil force to its maximum (ei-
ther 60 MN or 120 MN), with the other force then
below its limit;

e With the total number of fuzzy boundary points be-
ing 125, points 48—-88 (between the first fixed-point
and the upper part of the separatrix) are assigned
to have weights equal to 0.3125, with the rest hav-
ing zero weights. The sum of the squares of the
magnetic field at the coils is minimized;
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e The parameter a; is varied; and max(U) is con-
strained to be unity. The parameter 3; is varied to
constrain 3,. [; is allowed to float.

By increasing the weights of the fuzzy points 48-88,
we obtain the lower limit (left solid blue line) of the op-
erating space with flat shapes in the inboard half-plane.
Starting with this flat solution, we replace the max(U)
constraint with the [; constraint. The repulsive CS force
is now constrained to its value on the lower limit line;
this replaces the previous CS coil force constraint. As [;
is increased away from the lower limit line, max(U) drops
below unity and then again reaches unity, which defines
the upper limit (right blue line). As I; is increased, the
net SC coil force behaves non-monotonically; when this
force tries to exceed its maximum value, it is constrained
to be equal to this value (again by replacing the previous
CS coil force constraint).

The second solution (cyan lines) is found by constrain-
ing the outboard SOL-wall distance to 8 cm and mini-
mum radial plasma position to 4.476 m via varying the
radial positions of the first two fixed points. Also, the
sum of the squares of the coil currents is minimized. Sim-
ilarly to the first solution, max(U) is forced to unity (at
both lower and upper limits) by varying the steepness of
the current profile a;.

The third solution ( lines) is found by constrain-
ing the baseline size specification for the plasma (ma-
jor and minor radii are 6.2 and 2.0 m, respectively) via
varying the radial positions of the first two fixed points;
the SOL-wall distance is ensured to be at least 8 cm.
The lower limit of the operating space is found when
max(U) = 1; the upper limit is found when the balance
occurs between the flattening and peaking of the current
on the axis.
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